Abstract-This paper investigates the stability of offshore wind farms integration through a modular multilevel converter-based high-voltage dc (MMC-HVdc) transmission system. Resonances or instability phenomena have been reported in between wind farms and MMC-HVdc systems. They are arguably originated due to interactions between the MMC and the wind power inverters. However, the nature of these interactions is neither well understood nor reported in the literature. In this paper, the impedance-based analytical approach is applied to analyze the stability and to predict the phase margin of the interconnected system. For that, analytical impedance models of a three-phase MMC in a compensated modulation case and a direct modulation case are separately derived using the small-signal frequency domain method. Moreover, the impedance models of the MMC take the circulating current control into account. The derived impedance models are then verified by comparing the frequency responses of the analytical model with the impedance measured in a nonlinear time-domain simulation model developed in MATLAB. The results show that the potential resonances or instability of the interconnected system can be readily predicted through the Nyquist diagrams. In addition, the analysis indicates that the circulating current control of the MMC has a significant impact on the stability of the interconnected system. Finally, the time-domain simulations validate the theoretical analysis.
MMC-HVdc project, and Zhejiang Zhoushan five-terminal MMC-HVdc project.
However, compared with the conventional voltage-source converters (VSCs), MMC has much more complex internal dynamics [4] , i.e., internal circulating current [5] , submodule (SM) capacitor voltage balancing [6] , and so on, which have a large influence on the operation stability of the interconnected system. A subsynchronous oscillation (SSO) phenomenon in an MMC-HVdc system with doubly-fed induction generator (DFIG)-based wind farms has been reported in [7] , in which the distribution and propagation mechanisms of the output SSO current from wind farms in an MMC-HVdc system were revealed and an SSO current suppression scheme employed in the rectifier controller of the MMC-HVdc system was also proposed. However, the mechanism by which these oscillations are generated in the MMC-HVdc system with wind farms is still unclear and scarcely understood. Shunt capacitor banks and highfrequency harmonic filters in wind power plants can create significant parallel resonance interaction with the main transformer and any associated load tap changing apparatus, and harmonic filters were used to address these resonance concerns in [8] . In [9] , the high-frequency resonance issues in offshore wind farms caused by the distributed inductance and capacitance of the long-distance high-voltage ac transmission cable were investigated, and a cascaded notch-filter-based active damping method was also proposed to eliminate the resonant peaks. In [10] , subsynchronous resonance (SSR) in DFIG-based wind farms, resulting from the interaction between the converter control and the series-compensated line, was studied and the impacts of wind speed, compensation level, and current controller gain on SSR were then examined. In addition, the interaction between the wind turbine control system and the wind farm structure was also investigated in [11] . However, the instability mechanisms mentioned above, which mainly depend on the physical LC resonance configuration, could explain common harmonic resonances whose resonant frequencies are usually above the fundamental frequency, but would not provide insight into the unique SSO phenomenon in an MMC-HVdc system with wind farms. Voltage stability of offshore wind farms with VSC-HVdc transmission was studied and the measures for system stabilization by control modification were then provided in [12] , in which, however, the VSC-HVdc system is based on two-level converters that lack of internal dynamics, so the instability mechanism would not be able to correctly interpret the SSO phenomenon in the MMC-HVdc system with wind farms. Therefore, this paper will disclose the impact of the internal MMC dynamics on the stability of the interconnected system and attempts to find a new instability mechanism for MMC-based systems.
The impedance-based stability analysis method is a simple method for the stability analysis of complex power electronicsbased power systems [13] [14] [15] [16] [17] . The impedance-based method decomposes the overall system into several subsystems and models the impedance for each subsystem. Then, an impedance-based Nyquist stability criterion, which can not only determine whether the interconnected system is stable or not, but also predict the resonant frequency and the stability margin, is applied to determine the stability of the overall interconnected system. Moreover, the Nyquist map is also able to demonstrate the impact of system parameters on stability, which has a great significance in designing a power electronics-based system [17] . Based on these features, the impedance-based analytical approach is adopted to investigate the stability of the system in this paper.
Impedance modeling is the prerequisite for the impedancebased stability analysis method. Most research has so far focused on the impedance modeling of two-level converters [18] [19] [20] [21] [22] [23] [24] [25] [26] . Positive-and negative-sequence impedances of two-level grid-connected converters with current control and phase-locked loop (PLL) dynamics were derived in [12] and [19] , and the stability of wind farm integration through VSC-HVdc was then analyzed based on the analytical sequence impedances in [12] . The d-q impedances of two-level grid-connected inverters with feedback control and PLL were derived and measured in [20] [21] [22] , and an impedance-based stability analysis for three-phase gridconnected paralleled converters was performed in [22] . The ac-and dc-side d-q impedances of a two-level VSC-HVdc transmission system with the outer and inner control loops were derived, respectively, and then the ac-and dc-side resonances of the VSC-HVdc system were examined using the impedance-based Nyquist stability criterion in [23] and [24] . Furthermore, some methods for measuring the d-q impedances through impedance measurement circuits were proposed in [25] and [26] . It is noted that the derivation of d-q impedances of three-phase converters is relatively easy in the case that current controllers are implemented in the d-q reference frame. However, the major disadvantage of the d-q impedance-based stability analysis is that it can only detect whether the system is stable or not, but cannot determine the stability margin [27] . Therefore, the sequence impedance models will be preferred for the impedance-based stability analysis method. By far, very few authors have reported the impedance modeling of an MMC. DC-side impedances of an MMC (without and with circulating current control) were derived for dc voltage ripple prediction in [28] , but there is no mention of ac-side equivalent impedances. This paper focuses on the stability analysis of the interconnection of a wind farm through an MMC-HVdc system. The impedance-based analytical approach is implemented to investigate the stability of the interconnected system. The analytical sequence impedance models of the three-phase MMC are first derived with the consideration of the internal MMC dynamics. In addition, two modulation strategies, i.e., the compensated modulation and the direct modulation, have been taken into consideration for the MMC impedance modeling.
The analytical impedance models are then verified by the measured impedances in a nonlinear time-domain simulation model developed in MATLAB. Based on the analytical impedance models, the stability of the MMC-HVdc system connected with a wind farm is analyzed using the impedancebased Nyquist stability criterion. A detailed time-domain simulation model of the interconnected system is built in MATLAB to validate the theoretical analysis results.
The rest of the paper is organized as follows. Section II describes the interconnected system configuration. Section III presents the impedance models derivation and the verification for the MMC. The frequency domain stability of the interconnected system is then analyzed by the impedancebased Nyquist stability criterion in Section IV. To validate the theoretical analysis, the time-domain simulations are carried out in Section V. Section VI concludes the paper.
II. SYSTEM CONFIGURATION
The system configuration under study in this paper is shown in Fig. 1 . Fig. 1(a) presents the single-line diagram of an offshore wind farm with an MMC-based HVdc transmission system, in which the offshore wind farm consists of wind turbine generators (WTGs) based on two-level fullpower back-to-back converters, and the MMC-HVdc system comprises a converter transformer, a submarine dc cable, a wind farm side MMC (WFMMC), and a grid-side MMC (GSMMC). The wind power conversion system of each WTG is shown in Fig. 1(b) . The ac terminal voltage of each WTG is the low voltage with 0.69 kV. Then, the low voltage is stepped up to the medium voltage with 35 kV through the step-up transformer. Fig. 1(c) shows the MMC topology for both converter stations of the MMC-HVdc system. Each phase leg of the MMC consists of one upper and one lower arm connected in series between the dc terminals. Each arm consists of N identical series-connected SMs, one arm inductor L, and its equivalent series resistor R. Each SM contains a half-bridge as a switching element and a dc storage capacitor C. In high-voltage applications, N may be as high as several hundreds [4] . The offshore wind farm is connected to the ac terminal of the WFMMC station, and the ac terminal of the GSMMC station is connected to the ac power grid.
For simplicity, the interconnected system of the aggregated wind power inverter connected with the WFMMC of the MMC-HVdc system is studied in this paper, as shown in Fig. 2 . Since the grid-side VSC of the wind power conversion system can be decoupled with the generator-side VSC by the dc-link capacitor [12] , it is reasonable to replace the turbine mechanical (including the generator) and the generator-side converter with a constant power source, as shown in Fig. 2 . The aggregated wind power inverter is connected to the point of common coupling (PCC) through a step-up transformer with the voltage ratio of 110/0.69 kV. The WFMMC is integrated into the PCC through a converter transformer with the voltage ratio of 110/166 kV. Assuming the dc-side voltage of the WFMMC to be constant, a dc voltage source can be used instead of the HVdc inverter to simulate the effect of the dc-side voltage.
III. IMPEDANCE MODELING OF THE INTERCONNECTED SYSTEM
The analytical impedance models of the interconnected system, as shown in Fig. 2 , are derived and verified by a nonlinear time-domain simulation model in this section.
The sequence impedance models of two-level grid-connected VSCs have been well investigated in [19] , so the results of the paper have been used for the impedance modeling of the wind power inverter in this paper. In this section, the sequence impedance models of the WFMMC will be derived in detail. In addition, it should be noted that the positiveand negative-sequence impedances of a three-phase balanced converter system under normal operation can be regarded as the same when a phase-domain control without PLL is employed [19] .
A. Definition and Fundamental Relations of the MMC
The switched SM capacitors make the MMC a converter with internal dynamics. These internal dynamics comprise all capacitor voltages and the circulating current. The circulating current transfers charge between the SM capacitors and thus plays a very important role.
The single-phase equivalent circuit of a three-phase MMC in phase-k (k = a, b, and c) is presented in The circulating current is defined as
And the ac phase current can be expressed as
From the single-phase equivalent circuit in Fig. 3 , one can obtain
According to the continuous model of the MMC [4] , [28] , one can obtain
where n k u and n k l are the insertion indices of the upper and lower arms in phase-k, respectively, and v k cu and v k cl are the sum capacitor voltages of the upper and lower arms in phase-k, respectively.
If compensated modulation is assumed, the resulting insertion indices n k u and n k l are, therefore, calculated by
where v refk s is the modulation voltage in phase-k generated by the ac voltage control.
If, however, the sum capacitor voltages of the upper and lower arms v k cu and v k cl are approximated by a constant value (i.e., the dc bus voltage v d ), the direct modulation is assumed in this case. Then, the resulting insertion indices can be written as
where v d is the pole-to-pole dc bus voltage,
The MMC can be successfully controlled either by using (6) or (7). However, if the MMC is assumed to be controlled by (6), i.e., using compensated modulation, then the internal dynamics of the MMC can be disregarded. As a result, the arm voltages v k cu and v k cl produced by the SMs are identical to their corresponding control references, as the capacitor voltage dynamics have been compensated. Nevertheless, it is worth noticing that the compensated modulation is difficult to be implemented, in practice, as voltage measurement delays will be introduced by the processing speed limitations of the real system implementation. By contrast, the direct modulation is easy to be carried out, in practice, but the internal dynamics of the MMC need to be considered in this case, e.g., the circulating current. In this paper, the compensated modulation is only for theoretically comparing the impedance characteristics with those obtained using the direct modulation.
B. Control of WFMMC
For wind farm integration through the MMC-HVdc system, the WFMMC must provide an ac power supply for the wind farm. Hence, an ac voltage control strategy is adopted in the WFMMC. In this subsection, with the ac voltage closed-loop control, the ac-side impedance models of the WFMMC without and with circulating current control are derived. Fig. 4 shows the block diagram of the ac voltage closed-loop control in abc frame employed in the WFMMC, where H v (s) is an ac voltage control compensator, a proportional-resonant (PR) controller is used to realize the zero steady-state error for a sinusoidal quantity; k f is a feedforward gain for improving the dynamic response of the control system and v refk g is the fundamental-frequency voltage reference in phase-k. 
The ac voltage control compensator H v (s) is expressed as
where K vp and K vr are the proportional coefficient and the resonant coefficient of the PR controller, respectively, and ω 1 is the angular frequency of the control signal, which is the fundamental angular frequency in this paper.
Assuming that the delay time of sampling and computing is ignored, according to 
C. Impedance Modeling of WFMMC in Compensated Modulation Case
Subtracting (3) and (4) yields
Substituting (1), (5), and (6) into (10) leads to
Equation (11) implies that the circulating current naturally decays to zero in the steady state when the compensated modulation is used. As a result, the circulating current suppression controller is not required in the compensated modulation case.
Adding (3) and (4) 
where v d is the imbalance dc bus voltage, i.e.,
Substituting (2), (5), and (6) into (12) yields
Equation (13) indicates that the dynamic behavior of the MMC in the compensated modulation case is identical to that of a controlled two-level VSC. In other words, the ac-side equivalent impedance of the MMC in the compensated modulation case is not related to the internal MMC dynamics. Substituting (9) into (13) , and then applying linearization in frequency domain will result in
Hence, the ac-side equivalent impedance of the WFMMC in the compensated modulation case is obtained
It can be observed from (15) that the ac-side equivalent impedance of the MMC in the compensated modulation case, depending on the arm inductance, parasitic resistance, and converter controller, is not related to the internal dynamics of the MMC, which is essentially a controlled two-level VSC impedance equivalent.
D. Impedance Modeling of WFMMC in Direct Modulation Case
In this case, the internal dynamics of the MMC have been taken into consideration. The insertion indices in (7) can be modified as (16) by introducing the circulating current control
where v refk c is the reference voltage generated by the circulating current control.
Combining (1)- (5) and (16), the internal dynamics of the MMC can be described as the third-order system [4] 
where v k c is the total capacitor voltage in phase-k, i.e., cl . The system's equilibrium point of the MMC described by (17) - (19) is as follows. It is noted that the steady-state ripples are disregarded in (20) in order to linearize the system easily. However, this assumption has less influence on the impedance model response, which will be further discussed next
where P is the transferred active power.
Substituting (2), (5), and (16) into (12) 
In the following derivation of the ac-side equivalent impedances of the WFMMC, two cases (without and with circulating current control) are considered separately.
1) Without Circulating Current
When the ac voltage open-loop control is used, that is, the modulation voltage v refk s is given directly, (22) is a linear equation in a manner. Therefore, the steady-state ripples in the sum capacitor voltage and the unbalance capacitor voltage have no effect on the impedance model response. When the ac voltage closed-loop control is used, (22) is a nonlinear equation and the impact of the steady-state ripples on the model response is reflected in the fifth term on the left-hand side of (22) . However, since the steady-state ripples are generally very small, which are also multiplied by a small perturbation and divided by a high dc voltage, the effects of ignoring these steady-state ripples on the model response can thus be disregarded.
Combining (9), (17), (18), and (22), then applying linearization in frequency domain, and rearranging, we can obtain
where
in which m is the modulation index and I s0 and φ i10 are the steady-state components of amplitude and initial angle of i k s , respectively.
In general, the circulating current contains a series of even harmonic components, in which the dc and the second-order harmonic currents are the dominant components in the circulating current. Since the effect of the ac-side perturbation voltage and current on the active power transferred by the MMC is very small, the resulting perturbation dc current can thus be ignored. Therefore, the perturbation circulating current can then be given bỹ
where i k 2 is the second-order harmonic circulating current in phase-k.
It is assumed that only the fundamental-frequency component in the pulse pattern is considered, the capacitor voltages are balanced at all times, and the direct modulation is used. When the dc-link of an MMC is modeled as a constant voltage source, the second-order harmonic circulating current can be approximated as a function of the ac-side fundamentalfrequency current [29] . Hence, the corresponding perturbation of the second-order harmonic circulating current can be obtained as
Substituting (25) and (26) into (23) yields
Hence, the ac-side equivalent impedance of the WFMMC without circulating current control in the direct modulation case can be obtained
2) With Circulating Current Control: To properly suppress the circulating current, a PR controller is adopted to restrain the second-order harmonic circulating current. Thus, the reference voltage v refk c generated by the circulating current control can be expressed as
where H c (s) is a PR controller and the resonant angular frequency is selected as 2ω 1 Combining (9), (17), (18), (21) , and (29), then applying linearization in frequency domain, and rearranging, we have
Assuming that the circulating current can be suppressed well, the perturbation of the circulating current can thus be disregarded. Hence, the ac-side equivalent impedance of the WFMMC with circulating current control in the direct modulation case can be obtained 
E. Impedance Models Verification
Since the compensated modulation is difficult to be implemented, in practice, and the direct modulation is usually used in real projects, a detailed nonlinear time-domain simulation model of a three-phase MMC in the direct modulation case has been built in MATLAB to verify the analytical impedance models derived in this paper, as shown in Fig. 5 . In the simulation, the ac-side impedances of the MMC are measured by means of injecting a small perturbation current signal at different frequencies in the ac-side of the MMC. Then by measuring the resulting perturbation effect (voltage/ current), the ac-side equivalent impedances can be easily calculated for each frequency. The simulation parameters for MMC impedance verification are listed in Table I in the Appendix. Fig. 6 shows the comparisons between the measured results by the numerical simulation and the analytical impedances derived above in the direct modulation case, which indicate that the analytical impedances match well with the measured results for both without and with circulating current control. It can be seen from Fig. 6(a) that there are two resonance peaks in the ac-side impedance of the MMC in the case of no circulating current control. One resonance peak is located at ∼21 Hz and the other resonance peak is at ∼79 Hz. In fact, the latter is just resulted from the interaction between the former and the second-order harmonic component in the internal dynamics of the MMC. The former resonance peak is essentially caused by the internal resonance phenomena of the MMC, whose resonant frequency mainly depends on the main circuit parameters of the MMC, such as SM capacitance, arm inductance, SM number, and so on. Moreover, since the arm resistance is generally very small, especially for the highvoltage applications, the internal damping of the MMC is very weak, which implies a potential harmful effect on the stability of MMC-based HVdc systems in the case of no circulating current control. However, it can be observed from Fig. 6(b) that the resonance peaks disappear in the presence of a proper circulating current controller, which is because the internal damping of the MMC is significantly increased by the circulating current control, so that the internal resonance phenomena of the MMC are then mitigated. Consequently, a proper circulating current control may be employed to improve the stability of MMC-based HVdc systems with wind farms, which will be further discussed in Section IV. In addition, it can also be seen that there is a valley at fundamental frequency in the impedance response, which is due to the role of the ac voltage closed-loop control. Furthermore, the impedance reshaping can be made by designing the control parameters of the ac voltage closed-loop control, which will be further discussed in other work. Fig. 7 presents the ac-side impedance comparison between the compensated modulation and the direct modulation with Fig. 8 . Impedance-based equivalent model for the interconnected system. circulating current control, from which we can see that there are differences in impedance characteristics within the low-frequency range between the compensated modulation and the direct modulation. The impedance is inductive in the compensated modulation case while it is capacitive within the low-frequency range in the direct modulation case. The capacitive impedance characteristic at low frequencies in the direct modulation case, depending on the SM capacitance and the SM number, originates from the internal dynamics of the MMC, although the circulating current control is used. In addition, due to the compensation action by the compensated modulation, the internal dynamics of the MMC have been disregarded, so that the MMC looks like a controlled two-level converter, which has no resonance peaks in the ac-side equivalent impedance. However, the intrinsic resonance peaks of the ac-side equivalent impedance of the MMC in the direct modulation case could disappear only after a proper circulating current control or other measures that can enhance the internal damping of the MMC have been used. Therefore, the following stability analysis is only for the direct modulation case that considers the internal MMC dynamics and attempts to reveal the impact of the internal MMC dynamics on the stability of the interconnected system.
IV. FREQUENCY DOMAIN STABILITY ANALYSIS
OF THE INTERCONNECTED SYSTEM In this section, the impedance-based Nyquist stability criterion is applied to analyze the stability of the interconnected system. Fig. 8 shows the equivalent circuit of the interconnected system applied for the impedance-based analysis, where Z w represents the impedance of the wind power inverter, Z MMC is the impedance of the WFMMC, and Z l is the line impedance, including the transformer leakage inductance and the cable impedance. The aggregated wind power inverter is modeled by its Norton equivalent circuit consisting of a current source (I w ) in parallel with the wind power inverter impedance (Z w ). The WFMMC is modeled by its Thevenin equivalent circuit, in the form of an ideal voltage source (V s ) in series with the WFMMC impedance (Z MMC ).
From Fig. 8 , the ac terminal voltage V (s) can be derived as
Hence, the stability of the interconnected system, as shown in Fig. 8 , depends on the minor feedback loop gain Z MMC /(Z w + Z l ), that is, the ratio of the WFMMC impedance to the wind power inverter impedance together with the line impedance. By linear control theory, if both the wind power inverter and the WFMMC are stable individually, the interconnected system is stable if and only if the minor feedback loop gain Z MMC /(Z w + Z l ) satisfies the Nyquist stability criterion [13] .
Based on the detailed parameters of the interconnected system built in MATLAB, the impedances of both the WFMMC and the wind power inverter can be calculated as well as the line impedance. The parameters of the interconnected system are listed in Tables I and II in the Appendix. Fig. 9 shows the Nyquist plots of the impedance ratio Z MMC /(Z w + Z l ) under different power transfer levels without the circulating current control. As can be seen, the interconnected system is marginally stable with the phase margin only ∼7°when the output power from the wind farm is 10 MW. Furthermore, a potential resonance frequency of ∼20.4 Hz is observed. This frequency is identified at the intersection of the Nyquist plot (the solid line) and the unit circle (the dot-dashed line). However, when the output power from the wind farm is increased to 50 MW, the Nyquist plot of the impedance ratio (the dashed line) encircles the point (−1, j 0) once, which indicates that the interconnected system will be unstable in this case. Therefore, it can be concluded that the interconnected system without circulating current control is prone to become unstable when the transferred power becomes larger. Fig. 10 demonstrates the Nyquist plots of the impedance ratio without and with circulating current control under 10-MW power output condition. It can be seen from Fig. 10 that the presence of the circulating current controller can significantly increase the phase margin of the interconnected system to a phase margin ∼65°compared with the case without circulating current control. This means that the stability of the interconnected system can be greatly improved by introducing the circulating current control. This also confirms the analysis result in Section III-E. Fig. 11 shows the Bode plots of the WFMMC and wind farm impedances under 50-MW power output condition. There are a few differences between the WFMMC impedances in Fig. 11 and the MMC impedances in Fig. 6 , which is because the leakage reactance of the converter transformer is included and the MMC impedances are converted into those at the primary side of the converter transformer in Fig. 11 . In general, if the WFMMC impedance is always smaller than the wind farm impedance at all frequencies, the interconnected system will be stable. However, it can be seen from Fig. 11 that due to the presence of the resonance peaks in the WFMMC impedance under the case of no circulating current control, the resonance peaks of the WFMMC impedance intersect with the wind farm impedance and the phase margin at the intersection frequency is less than zero. Therefore, the interconnected system is unstable in this case. Nevertheless, when a proper circulating current control is used, there are no intersections between the WFMMC impedance and the wind farm impedance, which indicates that the stability of the interconnected system has been improved.
V. TIME-DOMAIN SIMULATION RESULTS
In order to validate the above theoretical analysis, a detailed time-domain simulation model of the interconnected system, as shown in Fig. 2 , has been built using MATLAB/Simulink. The simulation parameters of the interconnected system are listed in Tables I and II in the Appendix. Fig. 12 presents the three-phase voltages and currents at the PCC of the interconnected system without the circulating current control under 10-MW power output condition. It can be observed from the figures that there is a slight oscillation in the interconnected system under 10-MW power output condition in the case no circulating current control is used, which is caused by the very small phase margin as predicted by the Nyquist plot in Fig. 9 . As a result, the three-phase voltages and currents are unbalanced. Furthermore, the oscillation frequency is ∼20 Hz by the frequency analysis, as shown in Fig. 12(c) , which matches well with the theoretical analysis. It should be pointed out that in addition to the dominated 20-Hz frequency component in the voltage and current, there also exist some other frequency components, which are generated by control and modulation. Fig. 13 shows the three-phase voltages and currents at the PCC of the interconnected system without circulating current control under 50-MW power output condition. It can be seen from the figures that the interconnected system is unstable when the output power from the wind farm comes to 50 MW, followed by the serious distortion and divergence of the voltages and currents. This further confirms the analytical results. Fig. 14 shows the three-phase voltages and currents at the PCC of the interconnected system with circulating current control under 50-MW power output condition. It can be seen from the figures that the interconnected system becomes stabilized by adding the circulating current controller in the WFMMC even if the power transfer level is up to 50 MW, which indicates that the presence of the circulating current controller can greatly improve the stability of the interconnected system of the MMC-HVdc connected to a wind farm. As a result, the three-phase voltages and currents are well balanced and sinusoidal, as shown in Fig. 14(b) and (c). This result is in good agreement with the theoretical analysis.
VI. CONCLUSION
This paper studies the stability of an MMC-HVdc system connected to an offshore wind farm. The impedance-based Nyquist stability analysis approach is implemented to investigate the stability of the interconnected system. Analytical derivations of the impedance models for a three-phase MMC in the compensated modulation case and the direct modulation case are first developed separately. The analytical results show that the ac-side equivalent impedance of the MMC in the compensated modulation case is essentially a controlled two-level VSC impedance equivalent, while the MMC impedance in the direct modulation case is related to the internal MMC dynamics. Then, these analytical impedance models are verified by the measured results in a nonlinear time-domain simulation model of the MMC developed in MATLAB. The analytical and measured impedances of the MMC in the direct modulation case both indicate that there is a potential resonance peak below the fundamental frequency in the case no circulating current control is implemented. However, when a proper circulating current controller is employed in the MMC system, the resonance peak can be effectively eliminated. Next, the impedance-based Nyquist stability criterion is implemented to predict any potential resonance or instability in the interconnected system. This Nyquist plot reveals that the higher the power transfer, the less stable the interconnected system is. However, when a proper circulating current control is implemented in the system with higher power transfer, a great improvement of the stability of the interconnected system is observed. The system that is highly oscillatory with a 50-MW power transfer becomes stable and free of oscillations with the circulating current controller. Finally, the time-domain simulations validate the theoretical analysis. Tables I and II. 
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